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ABSTRACT 
 
When subjected to low electric field, domain walls play an important role in determining the 
response of ferroelectrics to applied stimuli. While contributions to ferroelectric properties from the 
intrinsic response of the polarization within a domain and so-called extrinsic contributions from the 
motion of domain walls have been studied, the non-motional or stationary contribution from the material 
within the finite width of the domain wall itself has been particularly difficult to understand. When 
subjected to high electric field, switchable polarization makes ferroelectrics a critical component in 
memories, actuators, and electro-optic devices and potential candidates for nanoelectronics. Although 
many studies of ferroelectric switching have been undertaken, much remains to be understood about 
switching in complex domain structures and in devices. In the present work, in order to investigate the 
low field dielectric response, using a combination of phenomenological models, thin-film growth, and 
multi-scale characterization we have probed model versions of (001)-, (101)-, and (111)-oriented epitaxial 
films. In particular, we observe that (111)-oriented films, in which the extrinsic contributions from the 
high density of 90° domain walls are frozen out, exhibit permittivity values approximately 3-times larger 
than that expected from the intrinsic response alone. This discrepancy can only be accounted for by 
considering a stationary contribution to the permittivity from the domain wall volume of the material that 
is 6-77.5-times larger than the bulk response and is consistent with recent predictions of the enhancement 
of susceptibilities within 90° domain walls. In order to investigate the high field switching characteristics, 
a combination of thin-film epitaxy, macro- and nanoscale property and switching characterization, and 
molecular dynamics simulations are used to elucidate the nature of switching in PbZr0.2Ti0.8O3 thin films. 
Differences are demonstrated between (001)-/(101)- and (111)-oriented films, with the latter exhibiting 
complex, nanotwinned ferroelectric domain structures with high densities of 90° domain walls and 
considerably broadened switching characteristics. Molecular dynamics simulations predict both 180° (for 
(001)-/(101)-oriented films) and 90° multi-step switching (for (111)-oriented films) and these processes 
are subsequently observed in stroboscopic piezoresponse force microscopy. These results have 
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implications for our understanding of ferroelectric switching and offer opportunities to change domain 
reversal speed. Our work also offers new insights into the microscopic origin of dielectric enhancement 
and provides a pathway to engineer the dielectric response of these materials.    
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CHAPTER 1 
INTRODUCTION 
 
In this chapter, we provide a brief introduction to the physics of ferroelectricity including a review of the 
mechanism of ferroelectricity, ferroelectric domain structures, and ferroelectric susceptibilities. In 
addition, the chapter concludes with a summary of the organization of the rest of the thesis. 
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1.1 Introduction to Ferroelectrics 
 Ferroelectric materials are increasingly being considered as critical components in next 
generation logic devices [1], non-volatile memories [2,3], actuators and sensors [4], and electro-optic 
elements for waveguide devices [5]. Of the 32 crystal classes of materials, 11 possess centers of 
symmetry and hence no polar properties. Of the remaining 21, all but one when subjected to a stress 
exhibit electrical polarity and are hence called piezoelectric. Of the 20 piezoelectric crystal classes, 10 
show a unique polar axis. These crystals are called polar because they possess a spontaneous polarization. 
One can, however, often detect the presence of a spontaneous polarization by studying the temperature 
dependent changes in polarization which results in the flow of charge to and from the surfaces. This is 
known as the pyroelectric effect and these 10 polar crystal classes are often referred to as the pyroelectric 
classes. Ferroelectric materials possess a spontaneous polarization which can be switched from one state 
to another under the application of the external electric field and they also undergo a phase transition from 
its high temperature parent paraelectric state to the low temperature ferroelectric state. 
 Any lattice of oppositely signed point charges is inherently unstable and relies on short-range 
interactions between adjacent electron clouds in the material to stabilize the structure. In ferroelectric 
materials these interactions result in the formation of a double-well potential that stabilizes a distorted 
structure over the symmetric structure. In the case of classic perovskite ferroelectrics like PbTiO3 and 
BaTiO3 the Ti 3d –O 2p orbital hybridization is essential for stabilizing the ferroelectric distortion. It has 
also been found that most perovskite ferroelectrics have B-site ions that are formally d
0
 in nature and thus 
the lowest unoccupied energy levels are the d states and they tend to hybridized with the O 2p orbitals 
resulting in the double well potential. Additionally, another mechanism for ferroelectricity is the 
stereochemical activity of ns
2 
lone pairs of electrons such as materials like PbTiO3, where Pb and Ti states 
hybridize, leading to a large strain that stabilizes the tetragonal phase.  
1.2 Ferroelectric Domain Structures 
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 The formation of domain structures is a result of minimizing the elastic and electrostatic energy 
of a ferroelectric system. It is very important to study such domain formation in ferroelectrics since it has 
a profound influence on the susceptibilities and switching behavior of these materials. Here we focus on 
an important ferroelectric material, tetragonal PbZr0.2Ti0.8O3 that has been studied extensively. In the 
family of PbZr1-xTixO3 materials, PbZr0.2Ti0.8O3 is a well-known tetragonal ferroelectric, which can 
exhibit only a few possible domain structures depending on the nature of epitaxial strain when grown 
epitaxially on a (001)-oriented substrate – monodomain films of c-domains, mixed in-plane and out-of-
plane c/a/c/a domain structures, or all in-plane oriented a1/a2/a1/a2 domain structures. In addition to the 
strain tuning, varying the film thickness can also change the domain structure. For example, below the 
critical thickness of domain formation, PbZr0.2Ti0.8O3 thin films with monodomain have been observed 
when grown on SrTiO3 substrates; however, when the thickness is increased, polydomain structures have 
typically been observed. An alternative approach that has been considerably less studied is to manipulate 
the film orientation, in chapter 2, the effects of film orientation on domain structures of PbZr0.2Ti0.8O3 thin 
films will be discussed in details. 
1.3 Ferroelectric Susceptibilities 
 The search for ferroelectric materials with high electric field (dielectric), stress (piezoelectric), 
and thermal (pyroelectric) susceptibilities has garnered much attention in recent years as these materials 
serve as the foundation for modern memory [6], sensor and actuator [7, 8] , and thermal imaging and 
infrared detector systems [9 , 10 , 11]. To ultimately understand the nature of such responses, it is 
imperative to understand the various contributions to the susceptibility in these complex materials. Since 
ferroelectrics typically possess complex domain structures with homogeneously polarized domains 
separated by domain walls, the susceptibility consists of two major contributions. The first is the so-called 
intrinsic contribution arising from the change in the polarization to an applied stimulus within the bulk of 
the domains. The second is the so-called extrinsic contribution which refers to the contribution that arises 
due to the motion of domain walls under an applied stimulus [12, 13, 14, 15, 16, 17, 18, 19, 20]. Beyond 
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the motional extrinsic contribution from domain walls, various reports have highlighted the potential 
importance of what has been alternatively called a stationary or frozen contribution that arises from the 
response of the volume of the ferroelectric material within the finite width of the domain walls to an 
applied stimulus irrespective of any lateral displacements or deformations of the wall [21, 22, 23, 24]. 
As early as the 1970s, the importance of these various contributions to ferroelectric susceptibility 
was already under investigation. Early studies of dielectric permittivity in BaTiO3 revealed what was 
suspected to be a large domain wall contribution to permittivity even at excitation fields where the lateral 
displacement of domain walls was unlikely [25]. Subsequent theoretical studies probed the possibility of 
the weak measurement fields inducing nuclei on the existing domain walls and thus promoting 
protuberance-type oscillation but revealed that these could only account for a small fraction of the 
observed permittivity change [26]. Soon after this it was conjectured that the material within the domain 
walls themselves could possess significantly enhanced dielectric permittivity [21,27 ]. Such models 
suggested that 180° domain walls in BaTiO3 could possess permittivity almost an order of magnitude 
larger than the bulk of the domains. More recently, advanced Ginzburg-Landau-Devonshire (GLD) 
models have probed the role of polarization gradients near 90° domain walls in BaTiO3 to suggest that 
such domain walls could give rise to an enhancement of susceptibilities between 1.1 to 1000-times larger 
than the bulk [24]. Despite these predictions as to the potential importance of such stationary 
contributions, it has proven difficult to quantitatively measure and isolate the stationary contribution 
(possibly because of the small relative volume associated with domain walls in most samples). In turn, 
much work on polydomain ferroelectrics has neglected the stationary contribution and focused solely on 
enhancements that can be explained by motional extrinsic contributions. Regardless, it is clear that in 
order to fully understand the response of a ferroelectric to an applied stimulus, one must consider not only 
the response of the bulk material within the domains but also the response of the domain walls to the 
applied stimuli.  
1.4  Organization of the Thesis 
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 The remainder of the thesis consists of three chapters. 
 In chapter 2, we introduce the details of growth of epitaxial thin films on substrates with various 
orientations. Furthermore, we also provide details of crystal and domain structure characterization via x-
ray diffraction and piezoresponse force  microscopy, respectively. 
 In chapter 3, we use a combination of phenomenological models, thin-film growth, and multi-
scale characterization to probe the dielectric properties of model versions of (001)-, (101)-, and (111)-
oriented epitaxial PZT films. We first develop phenomenological GLD modeling to study the dielectric 
properties of (001)-, (101)-, and (111)-oriented epitaxial PZT films. Then we move on to the investigation 
of dielectric properties in the model versions of films via experiment. And we specifically discuss the 
mechanism of the enhancement of low field dielectric properties in (111)-oriented PZT thin films. 
 In chapter 4, we use a combination of thin-film epitaxy, macro- and nanoscale property and 
switching characterization, and molecular dynamics simulations are used to elucidate the nature of 
switching in PbZr0.2Ti0.8O3 thin films. We first introduce the measurement of macro-scale high field 
switching properties of PZT thin films. Then we move on to the investigation of switching characteristics 
for each film orientation using molecular dynamics simulations. Furthermore we use Piezoresponse force 
microscopy to study the difference of local-scale switching characteristics of PZT thin films. 
 In chapter 5, we summarize the major findings of the current work and provide suggestions for 
future work to build on the findings presented here. 
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CHAPTER 2 
GROWTH AND CHARACTERIZATION OF (001)-, (101)-, AND (111)-
ORIENTED PZT THIN FILMS 
 
In this chapter, we present the growth of (001)-, (101)-, and (111)-oriented PZT thin films via pulsed-
laser deposition. We also discuss the detailed characterization of crystal and domain structures of these 
model versions of films using x-ray diffraction and piezoresponse force microscopy. We show that the 
domain structure can be dramatically manipulated by varying the film orientation and the domain wall 
density is significantly increased in (111)-oriented films.  
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2.1 Growth of Epitaxial PZT Thin Films 
Recent advances in thin-film synthesis have enabled the manipulation of structure and properties 
of ferroelectric thin films [28,29]. For example, in the tetragonal ferroelectric PbZr0.2Ti0.8O3 both the 
domain structure [30,31] and properties (i.e., dielectric [32,19], piezoelectric [33], and pyroelectric 
[34 ,35]) can be dramatically tuned by varying epitaxial strain, film thickness, electrical boundary 
conditions, and other parameters. To date, the majority of work on such films has focused on (001)-
oriented heterostructures, where the possible domain structures have been theoretically predicted [35,36] 
and observed [35,37]. How these domain structures evolve in other film orientations, however, has not 
been widely probed [38,39]. Studies of single-crystal ferroelectrics, however, where it is possible to apply 
the stimulus field along different crystallographic directions, have demonstrated that a poling field that is 
not purely along the bulk polarization direction produces increased domain wall density and enhanced 
dielectric [40] and piezoelectric [41] responses. Similar studies on thin-film samples have not been 
completed. 
 Here we grow 150 nm PbZr0.2Ti0.8O3 / 10 nm SrRuO3 or La0.7Sr0.3MnO3 / SrTiO3 (001), (110), and 
(111) heterostructures via pulsed-laser deposition. The growth of the PbZr0.2Ti0.8O3 was carried out at an 
oxygen pressure of 200 mTorr at 635°C with a laser fluence of 0.9-1.0 J cm
-2
 and a laser repetition rate of 
3 Hz. The growth of bottom electrodes SrRuO3 and La0.7Sr0.3MnO3 was accomplished at an oxygen 
pressure of 100 mTorr and 200 mTorr, respectively, at 645°C with a laser repetition rate of 12 Hz and 3 
Hz, respectively. After the growth, the samples were cooled at 5°C min
-1
 in an oxygen pressure of 760 
mTorr.  
2.2 Structural Characterization of PZT Thin Films 
We characterized the crystal structure of various film orientations via x-ray diffraction reciprocal 
space mapping studies. On-axis reciprocal space maps measured about the SrTiO3 002-, 110-, and 111-
diffraction conditions are provided [Fig. 2.1]. In (001)-oriented films, a majority peak corresponding to 
the 002-diffraction condition and a minority peak corresponding to the 200-diffraction condition of the 
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PbZr0.2Ti0.8O3 are observed and correspond to the presence of c and a domains, respectively [Fig. 2.1 a]. 
The (101)-oriented films also exhibit two diffraction peaks corresponding to the 101- and 110-diffraction 
conditions and to the majority and minority domains of PbZr0.2Ti0.8O3 described above, respectively [Fig. 
2.1 b]. In (111)-oriented films, however, there is only one broad diffraction peak [Fig. 2.1 c], which 
further confirms the degeneracy of various polarization variants in this orientation which possess uniform 
out-of-plane lattice spacing. These reciprocal space mapping studies also provide further evidence 
supporting the observed domain structures from the PFM analysis.   
2.3 Ferroelectric Domain Structures of PZT Thin Films 
 The domain structure of the films was probed via piezoresponse force microscopy (PFM). In 
(001)-oriented PbZr0.2Ti0.8O3 thin films, we observe c/a/c/a domain structures that are commonly seen in 
tetragonal ferroelectric thin-films and consist of majority out-of-plane polarized c and in-plane polarized 
a domains separated by 90°
 
domain walls [Fig. 2.2 a] [42]. The density of 90° domain walls is known to 
increase with increasing tensile strain which corresponds to an enhancement of the motional extrinsic 
contribution to the low-field permittivity in (001)-oriented films [19,52,53]. Considerably less work in 
this vein, however, has been undertaken for (101)- and (111)-oriented films [43]. 
Figure 2.1: On-axis reciprocal space maps measured about the SrTiO3 002-, 110-, and 111-
diffraction conditions for (a) (001)-oriented heterostructures with a majority peak corresponding to 
the 002-diffraction condition and a minority peak corresponding to the 200-diffraction condition of 
the PbZr0.2Ti0.8O3 which represent c and a domains, respectively; (b) (101)-oriented heterostructures 
with diffraction peaks corresponding to the 101- and 110-diffraction conditions which represent the 
majority and minority domains of PbZr0.2Ti0.8O3, respectively; (c) (111)-oriented heterostructures 
with only one broad diffraction peak which confirms the degeneracy of various polarization variants 
in this orientation that possess uniform out-of-plane lattice spacing.  
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Thus, here we provide detailed studies of domain structures and permittivity in (101)- and (111)-
oriented films. In the (101)-oriented films the PFM images reveal a mixed domain pattern where the 
majority of the sample is made up of domains with polarization along the [001] which is oriented at an 
angle of ~43.6° from the plane of the film, while the remaining structure consists of stripe-like domains 
possessing only in-plane polarization components pointing along the [010] or [0 ̅   [Fig. 2.2 b]. In (111)-
oriented films, however, a complex metastable domain structure was observed in the as-grown state and 
in order to probe the equilibrium domain structure the samples were poled with a series of +/- 6 V biases 
applied locally to a PFM tip to switch a 2.5 μm   2.5 μm region (samples were switched between 2-6 
times). Following such poling a complex, ordered nanotwinned domain pattern with a high density of 
uncharged 90° domain walls was observed [Fig. 2.2 c]. The observed domain structure is the result of the 
tiling of three types of domain bands, separated by 120° with average domain band widths of ~300 nm. 
Within each domain band, the domain structure consists of a mixture of all three degenerate polarization 
variants (pointing along the    ̅  ,     ̅ , and   ̅   , which are oriented at an equal angle of ~33.9° from 
the plane of the film) distributed into two sub-bands, with each sub-band being made-up of only two of 
the polarization variants, consistent with prior predictions [44]. Regardless of the film orientation, the 
PFM studies indicate the presence of no 180° domain walls as a result of the preferential out-of-plane 
direction of the polarization which is induced by the asymmetric electrical boundary conditions (i.e., the 
Figure 2.2: Piezoresponse force microscopy images showing lateral (mixed phase (θ) and amplitude 
(A), A∙cosθ) and vertical (mixed phase (θ) and amplitude (A), A∙cosθ, inset) contrast for equilibrium 
domain structures of (a) (001)-, (b) (101)-, and (c) (111)-oriented PbZr0.2Ti0.8O3 thin films. Scale bar: 
500 nm. 
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presence of a bottom electrode). Thus, in comparison to traditional bulk ceramic samples, these films 
provide a well-characterized, model system exhibiting controllable domain structures possessing only 
single type of domain walls (i.e., 90°).  
The PFM analysis further allows for the direct quantification of the domain structures – in 
particular the determination of the domain wall density ( , defined as the total length of domain walls in a 
given area) and the volume fraction of minority domains (    , defined as the volume fraction of the 
domain type which possesses the smallest population among all polarization variants in the case of a 
poled film). In (001)- and (101)-oriented films, the minority domain represents the domain with the 
polarization pointing in the plane-of-the-film (along the [100], [010] and [010], [0 ̅0], respectively). Due 
to symmetry in (111)-oriented films, however, one can select any of the three polarization variants as the 
minority domain as they all form an equal angle with the normal direction of the substrate and occur in 
equal fractions. To briefly explain the analyzing process, image analysis of the PFM domain structure 
images allows for the selection and measurement of the perimeter and area of all domain types and hence 
direct measurement of   and the area fraction of the domains. To estimate     , we have assumed a 
uniform width of the domains throughout the thickness of the film [45-48].  It should be noted that this 
assumption matches the assumptions of the GLD models (or, in other words, matches the ideal domain 
structure that would be predicted from such models), but might slightly overestimate the volume density 
if the domains are more wedge-shaped [49]. Regardless, this potential slight discrepancy has little to no 
impact on the overall conclusion of the data below. The values of   and      are provided [Table 1].  
From this analysis, it is clear that the (111)-oriented films possess domain wall densities that are at least 
3-5.5-times the values for (001)- and (101)-oriented films and that the experimentally observed 
    value is consistent with the degeneracy of the three polarization variants in (111)-oriented films 
calculated from the GLD models.  
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This work reveals that in addition to the use of epitaxial strain [50], film thickness [42], and film 
composition [51] to manipulate domain structures in ferroelectrics, film orientation is another effective 
route by which to control the domain structure and domain wall density. In fact, (111)-oriented films 
enable the study of domain structures and densities not possible in other orientations at these film 
thicknesses. This enhanced density of domain walls will boost the contribution of such features to the 
overall response to applied stimuli. Furthermore, due to the degeneracy of the different domain variants 
the extrinsic contribution from the domain walls is expected to be solely due to the stationary domain wall 
contributions (not motional extrinsic contributions), which presents a unique opportunity to study the 
stationary response of domain walls to external stimuli quantitatively. 
2.4 Conclusions 
In this chapter, we have revealed that we are able to grow single phase epitaxial PbZr0.2Ti0.8O3 
films on different oriented substrates. This work reveals that in addition to the use of epitaxial strain [50], 
film thickness [42], and film composition [51] to manipulate domain structures in ferroelectrics, film 
orientation is another effective route by which to control the domain structure and domain wall density. In 
fact, (111)-oriented films enable the study of domain structures and densities not possible in other 
orientations at these film thicknesses. This enhanced density of domain walls will boost the contribution 
of such features to the overall response to applied stimuli. Furthermore, due to the degeneracy of the 
different domain variants the extrinsic contribution from the domain walls is expected to be solely due to 
TABLE 2.1: Domain structure analysis of PbZr0.2Ti0.8O3 films: Line density of 90° domain walls (λ) 
and volume fraction of minority domains (𝜙   ) measured for (001)-, (101)-, and (111)-oriented fils. 
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the stationary domain wall contributions (not motional extrinsic contributions), which presents a unique 
opportunity to study the stationary response of domain walls to external stimuli quantitatively. 
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CHAPTER 3 
LOW FIELD DIELECTRIC PROPERTIES OF (001)-, (101)-, AND (111)- 
ORIENTED PZT THIN FILMS 
 
Domain walls play an important role in determining the response of ferroelectrics to applied stimuli. 
While contributions to ferroelectric properties from the intrinsic response of the polarization within a 
domain and so-called extrinsic contributions from the motion of domain walls have been studied, the non-
motional or stationary contribution from the material within the finite width of the domain wall itself has 
been particularly difficult to understand. In this chapter, we use a combination of phenomenological 
models, thin-film growth, and multi-scale characterization to probe model versions of (001)-, (101)-, and 
(111)-oriented epitaxial films. Here we report the direct measurement of the stationary domain wall 
contribution to dielectric susceptibility in nanodomain PbZr0.2Ti0.8O3 thin films. In particular, we observe 
that (111)-oriented films, in which the extrinsic contributions from the high density of 90° domain walls 
are frozen out, exhibit permittivity values ~3-times larger than that expected from the intrinsic response 
alone. This discrepancy can only be accounted for by considering a stationary contribution to the 
permittivity from the domain wall volume of the material that is 6-77.5-times larger than the bulk 
response and is consistent with recent predictions of the enhancement of susceptibilities within 90° 
domain walls. This work offers new insights into the microscopic origin of dielectric enhancement and 
provides a pathway to engineer the dielectric response of these materials.    
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3.1 GLD Modeling of Polydomain Ferroelectric Thin Films  
 In order to study the intrinsic and motional extrinsic contributions to the dielectric permittivity, 
we considered thin films of the tetragonal ferroelectric PbZr0.2Ti0.8O3 grown epitaxially on (001)-, (101)-, 
and (111)-oriented cubic substrates. We utilize the Helmholtz free energy formalism applicable to 
ferroelectric films with dense domain structures to calculate the domain structures and dielectric 
susceptibilities as a function of substrate orientation and epitaxial strain [52,53,35]. Consistent with prior 
approaches, we assume homogeneous strain fields within the domains and neglect the domain wall self-
energies and inter-domain electrostatic interactions. Applying short-circuit electrical boundary conditions, 
the free energy of the system is minimized as a function of the in-plane strain imposed by the substrate so 
that we can calculate the equilibrium polarizations (P1, P2, P3) and domain fractions. Using these models, 
we can then calculate explicitly the out-of-plane permittivity (  ) as the sum of the intrinsic (the first term) 
and the motional extrinsic (the second term) contributions [19, 52, 53, 54 as 
   ∑    ∙ (
   
 (  
 )
 )
  
 ∑   
 ∙
   
   
                                             (1) 
           (i = 1, 2, 3 corresponding to domains with polarization Pi) 
where    is the fraction of domains with polarization Pi, F is the free energy formalism,   
  is the out-of-
plane polarization component of Pi, and E is the electric field along the substrate normal. Note that these 
models exclude stationary domain wall contributions from the portion of the material contained within the 
finite width of the domain walls. 
 The domain volume fraction ( ) and dielectric permittivity (  ) have been calculated numerically 
for all three orientation variants as a function of misfit strain [Fig. 3.1]. For comparison, the strain regime 
that was explored was chosen to correspond to theoretically predicted epitaxial strains that give rise to 
c/a/c/a polydomain structures in (001)-oriented films [52,55]. In (001)-oriented films, the volume fraction 
of c domains (    ) is observed to decrease with increasing tensile strain, while the volume fraction of a 
domains (      and     ) increases as a result of the tensile strain that favors in-plane oriented 
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polarization [Fig. 3.1 a]. A similar competitive trend is observed in (101)-oriented films where the 
population of the in-plane polarized domains (    
 ) increases and the fraction of out-of-plane polarized 
domains (    
  and     
 ) deceases with increasing strain [Fig. 3.1 b]. This is not the case for the (111)-
oriented films, however, which due to symmetry, possess three energetically degenerate domain types and 
thus an equal volume fraction (    
       
        
    ⁄ ) of each domain separated by 90° domain 
walls at all values of misfit strain considered [Fig. 3.1 c]. Correspondingly, we can observe the impact of 
changing film orientation on    [Figs. 3.1 d-f]. In general, the intrinsic contribution to permittivity 
increases as the substrate normal is inclined more towards the [100] which is similar to the monodomain 
case where the permittivity exhibits higher values along non-polar directions (i.e., [111]) than polar 
directions (i.e., [001]) in tetragonal ferroelectrics [56,57]. This is due to the anisotropic dielectric response 
of PbZr0.2Ti0.8O3  where the permittivity along the [100] is larger than that along the [001] [57]. Thus the 
enhanced intrinsic response in (101)- and (111)-oriented films arises from the fact that additional intrinsic 
contributions are activated. It is also noted that the increasing tensile strain results in an increasing 
Figure 3.1: Using Ginzburg-Landau-Devonshire models, the volume fraction of polarization variants 
(𝜙) and out-of-plane, room temperature dielectric permittivity (ε ) are predicted as a function of 
mismatch strain (um). The evolution of ϕ is provided for (a) (001)-, (b) (101)-, and (c) (111)-oriented 
films including the relative fraction of different polarization variants (referenced to the cardinal 
directions of the lattice, [100], [010], and [001]). The evolution of the intrinsic (red), extrinsic (black), 
and total (blue) ε  is provided for (d) (001)-, (e) (101)-, and (f) (111)-oriented films. 
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intrinsic response in the (001)-oriented films, which behaves in an opposite trend as compared to the 
(101)- and (111)-oriented films due to the fact that the intrinsic response of each polarization variant in 
(001)-oriented films increases while this component in (101)- and (111)-oriented films decreases with 
increasing tensile strain. At the same time, the relative contribution from the motional extrinsic response 
decreases as we move from (001)- to (101)-oriented films (as a result of less preferential alignment of the 
electric field with a single polarization variant) and completely vanishes in (111)-oriented films due to the 
constant volume fraction of the three polarization variants which is independent of the electric field. 
Similar to BaTiO3 single crystals poled along [111] [58,59], the extrinsic contribution from domain wall 
motion will be “frozen out” in (111)-oriented PZT films. In addition, the motional extrinsic contribution  
(
   
  
)  for (001)- and (101)-oriented films behaves differently with increasing strain, leading to an 
increasing and decreasing extrinsic contribution in (001)- and (101)-oriented films, respectively. Despite 
these differences, across the entire strain regime studied here and for all three film orientations, the 
overall predicted    is found to exist in a rather narrow range between 220-290. 
3.2 Low Field Dielectric Susceptibilities of PZT Thin Films 
 Detailed dielectric characterization of symmetric capacitor structures of the various orientations 
of films was performed. For all measurements reported herein, the capacitor structures were subjected to 
current-voltage and ferroelectric characterization first, including multiple switching processes to assess 
the nature of the hysteresis loops and to assure measurements of poled capacitors only. Only capacitors 
showing symmetric current-voltage response, well-saturated, symmetric, and imprint-free hysteresis loops 
across the frequency range 1 Hz – 10 kHz were probed [Fig. 3.2]. Frequency dependent polarization-
electric field hysteresis loops were completed for at least 10 capacitors for the (001)-, (101)-, and (111)-
oriented films [Fig. 3.2 a-c]. Measurements were completed on symmetric capacitor structures using 
SrRuO3 or La0.7Sr0.3MnO3 top and bottom electrodes. All films exhibit well saturated hysteresis loops with 
high remnant polarization and negligible imprint in the frequency range from 1-10,000 Hz. Furthermore, 
symmetric, low leakage currents are observed in all films as a result of the high quality insulating 
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ferroelectric and the symmetric electrode structure [Fig. 3.2 d]. In addition, low dielectric loss tangents (  
0.05) were measured for all film variants for much of the frequency range probed herein [Fig. 3.2 e].  
 Additionally, following the procedure described by Saito et al.
 
[39], we can estimate values of 
polarization along the [001] by taking the remnant polarization (Pr) value and dividing by the fraction of 
domains which have an out-of-plane component of polarization and by the cosine of the angle between 
the polarization direction and the sample normal. This provides an estimate of the spontaneous 
polarization (Ps) along the [001] for each film orientation type. Here, we have reproduced the loops for all 
three orientations at 1 kHz [Fig. 3.3 a] to aid this discussion. From this data, we extract Pr values of 71, 52, 
and 44 µC cm
-2
 and PS values (at 130 kV cm
-1
) of 73, 56, and 47 µC cm
-2
 for (001)-, (101)-, and (111)- 
oriented films, respectively. Using the measured domain volume fractions (or domain wall density) for 
each sample, we again summarize the relative volume fractions of the minority and majority domains in 
each film orientation [Fig. 3.3 b]. This, in turn, allows us to estimate the PS along the [001] to be 84, 90, 
Fig. 3.2: Frequency dependent polarization-electric field hysteresis loops measured in (a) (001)-, (b) 
(101)-, and (c) (111)-oriented PbZr0.2Ti0.8O3 films in the frequency range of 1 Hz to 10 kHz. (d) Leakage 
current – voltage and (e) loss tangents measured in the frequency range of 0.1 kHz – 10 kHz for (001)-, 
(101), and (111)-oriented PbZr0.2Ti0.8O3 films. 
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and 79 µC cm
-2 
for the (001)-, (101)- and (111)-oriented films. Consistent with the work of Saito et al., 
the estimated PS values along [001] are approximately constant across the different film orientations.   
 The quality of the films and the accuracy of the measurements of domain wall density and 
domain fraction are confirmed using the procedure of Ref. [ 60] and the estimated values of polarization 
along the [001] are found to be approximately constant across the different orientations. Subsequently, the 
room temperature low-field dielectric permittivity (  ) was measured with an AC excitation field with an 
amplitude of 50 mV (in the frequency range from 0.1 kHz to 10 kHz). The (001)- and (101)-oriented 
films show values within the range   = 185 – 267, while the (111)-oriented films exhibit significantly 
enhanced    = 654-691 across this same frequency range [Fig. 3.4]. 
A comparison of these measured values with the calculated permittivity from the GLD models 
was made by extracting the data point from Fig. 3.1 at the experimentally measured      given in Table 
3.1. The calculated    (including both intrinsic and extrinsic contributions) for all three orientations 
shows small differences (all orientations are predicted to have values between 220–250), which agrees 
well with the experimental results for (001)- and (101)-oriented films. The (111)-oriented films, however, 
show a significant discrepancy between the experimentally measured and theoretically predicted values. 
As is noted in the discussion of the GLD model for the (111)-oriented films, all three degenerate 
polarization variants are present in equal volume fractions and these fractions will not vary with 
Figure 3.3: (a) Polarization-electric field hysteresis loops measured at 1 kHz and (b) Relative volume 
fraction of the majority and minority domains for PbZr0.2Ti0.8O3 (001)-, (101)-, and (111)-oriented 
films. 
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application of an electric field thus leading to an absence of a motional extrinsic contribution. The 
experimental results, however, imply that    for (111)-oriented films is greatly enhanced with increasing 
domain wall density (or decreasing average domain width). This enhancement suggests that the high 
density of domain walls in the (111)-oriented films could potentially give rise to a stationary domain wall 
contribution that can enhance the permittivity. 
To further quantify this stationary domain wall contribution, we utilized an equivalent electrical 
circuit model to calculate the effective domain wall permittivity. Previous studies [44] suggest that the 90° 
domain walls present in the (111)-oriented heterostructures, by symmetry and to avoid charged domain 
boundaries, should be inclined from the plane of the film at an angle of ~33.9°. When applying electric 
field along the normal direction of the film, the electric field lines should proceed straight along the 
normal direction within the domains, but will be deflected from the vertical direction within the domain 
walls according to the Maxwell equation [Fig. 3.5]. Thus an appropriate model of an equivalent circuit for 
this system requires that we treat the domain and domain walls as capacitors in series where the effective 
Figure 3.4: The solid symbol lines shows ε  measured at an AC excitation of 50 mV for (001)-, (101)-, 
and (111)-oriented PbZr0.2Ti0.8O3 thin films. The dashed lines show the predicted ε  (including intrinsic 
and extrinsic contributions) from the Ginzburg-Landau-Devonshire models. 
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thickness of each capacitor is geometrically calculated based on the path-length of the field within that 
element. Using the experimentally measured average domain width (~40 nm), the experimentally 
measured     (~670), the calculated intrinsic dielectric permittivity  (~245), and by assuming the domain 
wall width to be (conservatively) 1-10 nm [45-48,61] one can estimate     to be 1,500-19,000, which is 
6-77.5 times larger than the expected intrinsic response within a domain. As noted above, recent 
theoretical work using a decoupling approximation and GLD modeling suggests the possibility of up to a 
thousand-fold enhancement of the dielectric susceptibility and piezoelectric response across 90° domains 
walls  in tetragonal ferroelectrics (like those found in our samples) due to structural and polarization 
inhomogeneities within the domain wall region [24]. Our work, in turn, experimentally demonstrates that 
high density, stationary 90° domain walls could provide significantly enhanced dielectric response in the 
epitaxial thin films, particularly at large domain wall densities. 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.5: Detailed process of the extraction of the effective domain wall permittivity 
using an equivalent circuit approach. Scale bar: 500 nm.  
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3.3 Conclusions 
The above results show that the application of electric field along certain non-polar directions in 
tetragonal ferroelectrics can be used to effectively “freeze out” the domain wall motion and thus enables 
us to probe the stationary domain wall contribution to susceptibility. This is aided by the fact that growth 
of (111)-oriented films produces a configuration of numerous degenerate polarization variants, enables 
the application of electric fields along non-polar directions, and produces domain wall densities high 
enough to promote the stationary domain wall contribution to be comparable in magnitude to the intrinsic 
response from the bulk of the domains. These observations, made possible by the simplicity of the 
engineered domain structure in the epitaxial thin films and our ability to directly probe the type, density, 
and response of these domain wall structures in different orientations produces a complimentary approach 
to the study ferroelectric single crystals with fields applied along different crystallographic directions and 
provides an opportunity to re-examine the importance of domain structure in controlling field-induced 
response.  
These studies suggest that the stationary domain wall contribution to ferroelectric susceptibility 
should be given additional attention for its potential to enhance overall material performance. To date the 
understanding of intrinsic and motional extrinsic responses in these materials has led researchers to 
decrease the average domain size to enhance susceptibilities. The observed increase in performance, 
although likely partially enhanced by extra motional extrinsic contributions, could also be strengthened by 
simultaneous turn-on of stationary domain wall contributions. In one extreme case one could imagine that 
in systems controlled to have extremely fine domain structures, domain wall-domain wall interactions 
could lessen the extent of motional extrinsic contributions while still exhibiting enhancements in 
susceptibility from the stationary domain wall contribution. The failure to consider such stationary 
domain wall contributions, in turn, could result in the attribution of performance enhancements to the 
wrong feature in the material. Our work suggests that motional extrinsic contributions to permittivity are 
(at best) a factor of 2-times larger than the intrinsic response while stationary domain wall contributions 
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could be as large as 6-77.5 times larger than the intrinsic response [62,63]. This work provides a new 
intellectual framework in which to consider ferroelectric susceptibilities and to explain observations in a 
range of samples. Our observations provide new insights into the microscopic structural origin of 
enhanced ferroelectric susceptibilities and a new approach to optimize the properties of epitaxial thin 
films.  
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CHAPTER 4 
HIGH FIELD SWITCHING PROPERTIES OF (001)-, (101)-, AND (111)- 
ORIENTED PZT THIN FILMS 
 
Switchable polarization makes ferroelectrics a critical component in memories, actuators, and electro-
optic devices and potential candidates for nanoelectronics. Although many studies of ferroelectric 
switching have been undertaken, much remains to be understood about switching in complex domain 
structures and in devices. In this chapter, a combination of thin-film epitaxy, macro- and nanoscale 
property and switching characterization, and molecular dynamics simulations are used to elucidate the 
nature of switching in PbZr0.2Ti0.8O3 thin films. Differences are demonstrated between (001)-/(101)- and 
(111)-oriented films, with the latter exhibiting complex, nanotwinned ferroelectric domain structures with 
high densities of 90° domain walls and considerably broadened switching characteristics. Molecular 
dynamics simulations predict both 180° (for (001)-/(101)-oriented films) and 90° multi-step switching 
(for (111)-oriented films) and these processes are subsequently observed in stroboscopic piezoresponse 
force microscopy. These results have implications for our understanding of ferroelectric switching and 
offer opportunities to change domain reversal speed.  
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4.1 Macro-scale High Field Switching Properties of PZT Thin Films 
We focus on 150 nm PbZr0.2Ti0.8O3 / 10 nm SrRuO3 or La0.7Sr0.3MnO3 / SrTiO3 (001), (110), and 
(111) heterostructures grown via pulsed-laser deposition. X-ray diffraction studies show that the films are 
epitaxial and single-phase [Fig. 4.1]. The ferroelectric domain structure was probed using PFM. 
Throughout the remainder of the discussion, we will use the following terminology to describe the 
polarization variants in the samples: for tetragonal PbZr0.2Ti0.8O3, domains with polarization along the 
positive and negative [100], [010], and [001] axes will be referred to as   
   
   
   
       
   
, 
respectively. In (001)-oriented heterostructures, a typical polydomain structure with majority   
  domains 
and minority   
  and   
  domains is observed [Fig. 4.2 a,b]. In (101)-oriented heterostructures, three 
different domain types are found [Fig. 4.2 c,d], with majority   
  domains (in which the polarization is 
oriented at an angle of ≈43.6° from the plane of the film) and the remainder primarily composed of in-
plane polarized stripe-like   
  and   
 domains and small fractions of   
  domains (also oriented ≈43.6° 
from the plane of the film). The as-grown domain structure of the (001)- and (101)-oriented films, as 
probed by PFM studies which enable exact determination of the polarization directions, represents the 
equilibrium domain structure predicted for these film orientations, and does not change with electric field 
cycling [Fig. 4.3 a,b]. 
 
 
Figure 4.1: Crystal structure analysis. X-ray diffraction θ-2θ scans of (a) (001)-, (b) (101)-, and (c) 
(111)-oriented PbZr0.2Ti0.8O3 films. 
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Analysis of the (111)-oriented heterostructures reveals a dramatically different picture. The as-
grown domain structure has a complex, metastable nanoscale domain pattern [Fig. 4.3 c,d]. A domain 
structure consistent with that predicted to the equilibrium domain structure is obtained after a series of 
±6 V dc voltages were applied to the PFM tip to switch a 1.5 µm  1.5 µm region of the film a total of 2-6 
times. The domain pattern consists of a high density of nanotwinned domains [Fig. 4.2 e]. The observed 
domain structure is the result of the tiling of three types of domain bands, separated by 120° (noted as 
areas 1, 2, and 3, Fig. 4.2 e) with average domain band widths of ≈300 nm. Within each domain band, the 
domain structure consists of a mixture of all three degenerate polarization variants (  
    
        
 , each 
Figure 4.2: Lateral (Acosθ, combining phase θ and amplitude A) and vertical (Acosθ, inset) 
piezoresponse force microscopy images for equilibrium domain structures and corresponding 
illustrations of those domain structures for (a), (b) (001)-oriented heterostructures with majority 
𝑃 
 domains (orange domains) and minority 𝑃 
  and 𝑃 
  domains (yellow domains); (c), (d) (101)-
oriented heterostructures with majority 𝑃 
  domains (with polarization oriented at ≈43.6° from the 
plane-of-the-film, orange domains) and minority domains including stripe-like 𝑃 
  and 𝑃 
  domains 
(in-plane polarized, purple domains) and small fractions of 𝑃 
  domains (with polarization oriented at 
≈43.6° from the plane-of-the-film, black domains); (e), (f) (111)-oriented heterostructures with 
complex nanotwinned domain structures wherein there are three degenerate polarization variants 
𝑃 
  𝑃 
      𝑃 
  oriented at an angle of ≈33.9° from the plane of the film (represented by yellow, blue, 
and grey domains, respectively) which are tiled to produce three degenerate domain bands separated 
by 120° as labeled in the open squares (1), (2), and (3). 
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possessing a polarization direction that is 
oriented at an angle of ≈33.9° form the 
plane of the film) distributed into two 
sub-bands, with each sub-band composed 
of only two of the polarization variants. 
The average domain size within the 
domain sub-bands is ≈40 nm. The 
geometry of such domain structures is 
shown in a schematic illustration [Fig. 4.2 
f]. Prior theoretical treatments predicted 
such equilibrium domain structures [44].  
Having established the difference 
in domain structures for the various 
heterostructure orientations, we probed 
their dielectric and ferroelectric 
properties using symmetric metal-oxide 
capacitor structures [ 64 ] and MD 
simulations. All heterostructures, 
regardless of orientation, were found to exhibit symmetric, well-saturated polarization-electric field 
hysteresis loops [Fig. 4.4 a] that are maintained down to at least 1 Hz. As expected, the saturation 
polarization scales with the film orientation, with (001)- and (111)-oriented films having the largest and 
smallest values, respectively. In addition, although all films possess high remnant polarization, the (001)- 
and (101)-oriented films show nearly square hysteresis loops with sharp electric field switching, while 
(111)-oriented films exhibit more slanted hysteresis loops regardless of frequency, indicative of switching 
at a broader range of fields. 
Figure 4.3: Vertical (Acosθ, combining phase θ and 
amplitude A) piezoresponse force microscopy images of 
PbZr0.2Ti0.8O3 of (a) (001)-oriented films after applying a 
negative tip bias of -5 V in PFM to locally switch a 
central square region, which indicates the as-grown 
down-poled domain structure, (b) (101)-oriented films 
after applying a positive tip bias of 4 V in PFM to locally 
switch a central square region, which indicates the as-
grown up-poled domain structure. (c) Vertical (Acosθ, 
combining phase θ and amplitude A) and (d) lateral 
(Acosθ, combining phase θ and amplitude A) 
piezoresponse force microscopy images of the as-grown 
domain structure in (111)-oriented films showing a 
complex metastable nanoscale domain pattern. 
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The dielectric permittivity was then measured as a function of increasing ac electric field 
excitation. Since we are focused here on switching behavior, we have extended this analysis to larger 
fields than are typically applied in Rayleigh studies. These studies reveal that (111)-oriented 
heterostructures exhibit a lower threshold field (8.2 kV/cm) for the onset of non-linearity (or polarization 
switching) as compared to (001)- and (101)-oriented films (46.3 kV/cm and 22.5 kV/cm, respectively) 
[Fig. 4.4 b]. Additionally, the field dependence of the dielectric response of the (111)-oriented film shows 
a gradual increase (and, therefore, ferroelectric switching) over a much larger range of fields, relative to 
the (001)- and (101)-oriented films, consistent with the polarization-electric field hysteresis loops [Fig. 
4.4 a].  
4.2 Molecular Dynamics Simulations of Switching Properties of PZT Thin 
Films 
To understand what gives rise to these different electric field responses, we used MD simulations 
to examine the evolution of domain switching under differently oriented electric fields. We studied the 
evolution of domain structures resembling those experimentally observed in (001)-, (101)- and (111)-
oriented films possessing 90° domain walls under electric fields applied along the film normal directions 
Fig. 4.4: (a) Polarization - electric field hysteresis loops measured at 1 kHz and (b) permittivity as a 
function of ac electric field measured at 1 kHz for (001)-, (101)-, and (111)-oriented PbZr0.2Ti0.8O3 
thin films. The arrows demarcate the location of the onset of non-linearity from the Rayleigh studies. 
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    ̅ ,   ̅  ̅  [Fig. 4.5a], and   ̅ ̅ ̅  [Fig. 4.5b], respectively. The volume fraction of the minority domain 
used in the simulations is based on experimental observations. The MD simulations provide a time-
resolved view of the evolution of the domain structure including specific polarization variants [Fig. 4.6].  
Figure 4.5: Molecular dynamics simulations of switching in domain structures possessing 90° 
domain walls. These images show the evolution of domain structures under applied field. In both 
cases, the electric field is turn-on at 0.0 ps and off at 10 ps and allowed to relax at zero applied field 
from that point. The colors in the domain maps correspond to the polarization wheel shown at the 
right. (a) This simulation focuses on a domain structure that would be found in a (101)-oriented 
film. The domain structure consists of 20 volume % of minority (green, 𝑃 
 ) domains with 
polarization along [010] and 80 volume % of majority (red, 𝑃 
 ) domains with polarization along 
[100]. The electric field is applied along the   ̅  ̅  (yellow arrow) to the initial domain structure. As 
the domains evolve, direct 180º reversal is observed (𝑃 
 → 𝑃 
  and 𝑃 
 → 𝑃 
 ). (b) This simulation 
focuses on a domain structure that would be found in a (111)-oriented film. The domain structure 
consists of 50 volume % domains (green, 𝑃 
 ) with polarization along [010] and 50 volume % of 
domains (red, 𝑃 
 ) with polarization along [100]. The electric field is applied along the   ̅ ̅ ̅  
(yellow arrow) to the initial domain structure. During the application of the field, 90º switching 
events (𝑃 
 → 𝑃 
  and 𝑃 
 → 𝑃 
 ) are observed. The local polarization within each unit cell is 
represented with an arrow that is colored based on the angle formed with [100] axis.  
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For brevity, we discuss here only the detailed MD studies of (101)-oriented films. In the case of 
(101)-oriented films, in the initial state (0.0 ps) we simulate a domain configuration with 20% minority 
  
 domains (green, Fig. 4.5 a) and 80% majority   
  domains (red, Fig. 4.5 a) with the electric field 
applied along the   ̅  ̅  (yellow arrow, Fig. 4.5 a). This results in a series of complicated changes [Fig. 
4.5 a]. At 3 ps, we observe that the volume fraction of   
  domains increases as they widen via changes of 
the type   
 →   
  at the domain boundary due to the   ̅   -component of the electric field. In addition, a 
significant number of   
  dipoles close to domain boundaries are switched by 180° to   
  dipoles (cyan). 
Further application of electric field facilitates the growth of the   
  domains via the 180° switching 
process of   
 →   
  (see 5 and 7 ps images, Fig. 4.5 a). At 10 ps, the whole supercell reaches a nearly 
single-domain state. Subsequent relaxation of the structure (after the field is turned off) for another 30 ps 
results in the reemergence of domain structures similar to that in the initial state (albeit poled in the 
opposite direction) due to strain accommodation. The lateral shift of the domain boundary is likely due to 
the application of large electric field to achieve picosecond switching in MD simulations.  
In the case of (111)-oriented films, in the initial state (0.0 ps) we simulate a domain configuration 
with 50%   
 domains (red, Fig. 4.5 b) and 50%   
  domains (green, Fig. 4.5 b) with the electric field 
applied along the   ̅ ̅ ̅  (yellow arrow, Fig. 4.5 b). This process results in a fundamentally different 
Figure 4.6:  Molecular dynamics simulations. (a) Domain structures possessing 90° domain 
walls constructed with a 40×40×40 supercell, (b) zig-zag domain patterns in {001} plane. 𝛾= 
0.5. 
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domain switching evolution [Fig. 4.5 b]. First, we observe that there is no significant domain wall motion. 
Although decidedly different from the behavior in (101)-oriented films, this is expected since all 
polarization directions are energetically equivalent with respect to the applied field. Additionally, at 5 ps, 
we see new domains perpendicular to their parent domains appear via two types of 90° switching 
processes:   
 →   
  and   
 →   
 , respectively. By 8 ps, the new domains spread quickly across their 
parent domains and dipole frustration at domain boundaries, leading to transient charged domain walls, is 
also observed. This switching process continues, until the final configuration of   
  and   
  domains is 
achieved by 10 ps. The strain-driven structural relaxation for another 10 ps in the absence of electric field 
leads to a slight change in the positions of domain walls, but overall the reemergence of domain structures 
similar to that in the initial state (albeit poled in the opposite direction).  
4.3 PFM Analysis of Local-Scale Switching Characteristics  
 What these MD simulations reveal, is that if one only considers the starting and final states, the 
domain structures could potentially lead one to assume only 180° switching has taken place on the 
macroscale. These time-dependent models, however, reveal a more nuanced evolution with clear 
differences between (001)-/(101)- and (111)-oriented films with the latter revealing a multi-step, 90° 
switching domain reversal process. To further explore these proposed switching pathways and their 
implications for material properties, we completed local-scale PFM switching studies where a time series 
of images was produced while incrementally increasing the applied tip bias. Focusing first on switching 
in the (001)- and (101)-oriented films, similarly abrupt switching processes occurring in a narrow field 
range have been observed, consistent with the macroscale property studies. For brevity, we discuss here 
only the detailed switching studies of (101)-oriented films [Fig. 4.7]. The (101)-oriented films show no 
obvious contrast change in either the lateral or vertical PFM images [Fig. 4.7 a, b] when applying biases 
from 0-3.0 V to locally switch a 1 μm  1 μm square region in the center of the scanned area. A schematic 
of this domain structure before switching is provided [Fig. 4.7 c]. Upon increasing the applied tip bias 
further, to 3.5 V, domains in the film start to switch, resulting in a contrast change in both the lateral and 
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vertical PFM images [Fig. 4.7 d]. Further increasing the bias to 4.0 V results in complete switching of the 
central square region [Fig. 4.7 e]. Based on the PFM images, the final switched domain structure is 
interpreted such that both domains initially possessing polarization   
 (orange regions, Fig. 4.7 c) and in-
plane oriented stripe domains   
  and   
  (black and grey regions, Fig. 4.7 c) are switched by 180° [Fig. 
4.7 f]. These observations are consistent with the abrupt switching that occurs in a narrow field range in 
the polarization hysteresis loops and with the abrupt increase of dielectric response in the Rayleigh 
analysis. These results indicate that 180° switching reversal occurs in (101)-oriented films, in agreement 
with MD prediction. 
 Similar studies of (111)-oriented films, however, reveal decidedly different responses with a  
complex evolution of domain structures involving four characteristic steps in the switching [Fig. 4.8 a-d].  
Figure 4.7: Piezoresponse force microscopy switching studies of PbZr0.2Ti0.8O3 (101) thin 
films. Lateral (Acosθ, combining phase θ and amplitude A) and vertical (phase θ, inset) 
piezoresponse force microscopy images of field-dependent domain structure evolution in 
(101)-oriented PbZr0.2Ti0.8O3 in the (a) as-grown state and (b) after applying a tip bias of 3.0 
V in the central square region. (c) Schematic illustration of the observed, unswitched domain 
structure with the majority 𝑃 
  (orange domains, oriented at an angle of 43.6° from the plane 
of the film) and the stripe-like 𝑃 
  (black domains) and 𝑃 
  (white domains) domains (in-plane 
polarized). Upon increasing the applied tip bias to (d) 3.5 V and (e) 4.0 V, abrupt switching is 
observed. (f) Schematic illustration of the switched domain structure in (d) and (e) with the 
majority 𝑃 
  (orange domains), 𝑃 
  (black domains), and 𝑃 
  (white domains) after the 180° 
switching 
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 Detailed static domain structure characterization of the (111)-oriented films has been discussed above, 
and here we focus on an area possessing fully down-poled nanotwinned domain bands of a single type for 
simplicity [Fig. 4.8 a]. When applying a tip bias of –2.5 V to locally switch a 1 μm  1 µm square region, 
Figure 4.8: Piezoresponse force microscopy switching studies of PbZr0.2Ti0.8O3 (111) thin films. 
Lateral (Acosθ, combining phase θ and amplitude A) and vertical (phase θ, inset) piezoresponse force 
microscopy images of field dependent domain structure evolution in (111)-oriented PbZr0.2Ti0.8O3 in 
the (a) initial down-poled state, after applying a tip bias of (b) -2.5 V to achieve partial switching, (c) -
3.5 V to achieve complete out-of-plane switching, but incomplete in-plane switching, and (d) -6.0 V 
to achieve complete out-of-plane and in-plane switching. Schematic illustrations of the geometry of 
the sample are provided including (e) the projection of the crystallographic axes, (f) the six possible 
polarization variants (solid pointing out of the plane and dashed pointing into the plane of the film), 
and (g) the six possible distinct 90° domain boundaries (each given a unique color that is carried 
throughout the remaining panels). Additional illustrations of the proposed switching process for dark 
and light domain bands, respectively, for the (h) and (i) initial state, (j) and (k) a majority down-poled 
intermediate state, (l) and (m) an up-poled intermediate, and (n) and (o) the final, fully switched state. 
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only a small fraction of the domains switch [inset, Fig. 4.8 b]. Examination of the lateral PFM contrast 
reveals that the orientation of the long axes of the domains that were switched rotates by 90° in-the-plane 
of the film, resulting in a new domain configuration with a characteristic angle of 60° between the domain 
sub-bands [Fig. 4.8 b]. Upon further increasing the bias to –3.5 V, the majority of the square region 
subjected to the bias has been switched in the out-of-plane direction [inset, Fig. 4.8 c] with the contrast 
changing accordingly in the lateral PFM images to reveal a characteristic angle of 60° between all domain 
sub-bands in the switched region [Fig. 4.8 c]. The domain structure does not exhibit further evolution 
until the applied tip bias exceeds –6 V. At this point, all domains in the square region subjected to the bias 
have been fully up-poled [inset, Fig. 4.8 d]. The nanotwinned domain pattern is observed to return to the 
initial orientation and reestablishes the characteristic angle of 120° between the long axes of the domains 
[Fig. 4.8 d]. Although a similar nanotwinned domain structure has been achieved, the in-plane contrast in 
the nanotwinned array has changed as compared to the initial state (i.e., sub-bands with dark PFM 
contrast become light and vice versa, Fig. 4.8 d) suggesting that full switching is accompanied by an 
orientation change of the in-plane component of polarization. 
This multi-step switching process is intriguing, and here we systematically analyze it. We provide 
schematic illustrations of the geometry of the sample including the crystallographic axes [Fig. 4.8 e], the 
six possible polarization variants [Fig. 4.8 f], and the twelve possible (six distinct) 90° domain boundaries 
(i.e., those between   
    
  (  
    
 ) ,   
    
  (  
    
 ) ,   
    
  (  
    
 ) ,   
    
  (  
  
  
 ),   
    
  (  
    
 ),   
    
  (  
    
 ); each given a unique color in the figure) [Fig. 4.8 g] 
projected on the (111) of the PFM image. To aid the discussion, we provide schematic illustrations of the 
domain structures [Fig. 4.8 h-o] in each distinct domain sub-band type for the four PFM images [Fig. 4.8 
a-d]. Three different colors (orange, blue, and grey) are used to represent the three different polarization 
variants with solid and dashed lines corresponding to down- and up-poled versions, respectively. In the 
initial state (Fig. 4.8 a), all domains are down-poled, and the dark [Fig. 4.8 h] and light [Fig. 4.8 i] domain 
sub-bands consist of alternating   
    
  and   
    
  domains, respectively. Upon application of the –2.5 
V applied bias [Fig. 4.8 b], the orientation of the domain boundaries in both the dark [Fig. 4.8 j] and light 
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[Fig. 4.8 k] domain sub-bands are found to rotate by 90° in-the-plane of the film. Such a change in the 
domain boundary orientation can only be achieved by a complex switching process which includes three 
different switching events including 90° switching that maintains the vertical component of the 
polarization (  
 →   
 , area 1, Fig. 4.8 j), 180° switching (  
 →   
 , area 2, Fig. 4.8 j), and 90° 
switching that changes the vertical component of the polarization (  
 →   
 , area 3, Fig. 4.8 j) as well as 
regions that experience no switching (  
 →   
 , area 4, Fig. 4.8 j). Similar complex switching occurs in 
the light domain sub-bands as well [Fig. 4.8 k]. Upon further increasing the bias to –3.5 V [Fig. 4.8 c], the 
orientation of the domain boundaries remains the same, but all domains are now up-poled [Fig. 4.8 l,m] 
with a change of the in-plane contrast from light to dark (and vice versa) for the different domain sub-
band types. This switching process includes 90° switching that maintains the vertical component of the 
polarization (  
 →   
 , Fig. 4.8 l) and 90° switching that changes it (  
 →   
 , Fig. 4.8 l). Similar 90° 
switching events occur in the other domain sub-bands [Fig. 4.8 m]. Based on the PFM analysis, this up-
poled domain structure should likely possess charged domain walls; however, it is not changed until the 
applied bias is further increased to –6 V [Fig. 4.8 d]. At this point, the domain boundaries are again 
rotated in-the-plane of the film by 90° and the domain structure is returned to a configuration consistent 
with the initial state [Fig. 4.8 n,o], but with a change of the in-plane contrast in the PFM from light to 
dark (and vice versa) for the different domain sub-band types. Again, the domain walls in the final state 
are uncharged. This process is again accomplished by two types of 90° switching events that maintain the 
vertical component of the polarization (  
 →   
  and   
 →   
 , Fig. 4.8 n). Again, similar 90° switching 
events are observed for both domain sub-band types [Fig. 4.8 o]. Overall, what is observed is that 
regardless of the way the material is probed, be it MD simulations, macroscopic excitation of capacitor 
structures, or local excitation at scanning-probe tips (all of which could potentially provide for slight 
differences in the nature of the excitation profile and the final domain structure produced), we observe 
that the governing mechanism for switching remains the same. (001)-/(101)-oriented films switch via 180° 
switching processes while (111)-oriented films undergo domain reorientation via 90° switching mediated 
processes.  
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Although the nucleation and growth process for 180° switching events is fairly well understood, 
little evidence for 90° switching mediated domain reversal has been presented. It has been suggested that 
broadened (or double) current peaks during reverse switching of previously poled PbZr0.415Ti0.585O3 
ceramics could be the result of non-180° domain switching as a result of the residual stresses developed 
during forward poling [65] and that in single-crystals of [111]-oriented 95.5% PbZn1/3Nb2/3O3 – 4.5% 
PbTiO3, polarization reversal through intermediate polarization rotations of 71° and 109° can occur 
[66,67]. Despite these observations, the mechanisms underlying such behavior are not entirely clear [68] 
and no direct measurements and examples of 90° switching mediated domain reversal have been reported 
in the literature. This is particularly the case for thin films where there are no reports in this regard. In thin 
films, the 90° domain switching process, due to the elastic clamping of the substrate, is thought to be so 
energetically costly that it does not typically occur. Enhanced 90° domain switching can be realized in 
thin films if the effect of clamping can be compensated by engineering specific film or domain structures 
such as in patterned ferroelectric layers [69] or through a layered structure where the top layer is anchored 
on an underneath layer of a secondary ferroelectric phase [70]. Here we have achieved the 90° switching 
mediated domain reversal process in thin films by utilizing (111)-oriented domain structures where the 
energetics are such that it permits these events to take place.   
The preference for a 90° or 180° switching process in different films is ultimately controlled by 
the clamping of the ferroelectric film (and the resulting domain size). In both (001)-/(101)-oriented 
heterostructures, the elastic constraints from the substrate lead to dramatic differences in the fraction of 
in-plane and out-of-plane polarized domains (in particular, minimizing the fraction of in-plane polarized 
domains). Although 90° domain walls have lower domain wall energy than 180° domain walls [71], the 
90° ferroelastic switching in thin films is generally unfavorable as compared to the 180° ferroelectric 
switching (as we observed for (001)-/(101)-oriented films in our simulations) under moderate electric 
fields because of the large energy penalty associated with the change of volume fractions of in-plane and 
out-of-plane polarized domains that must occur to accommodate such switching events [72]. Said another 
way, the free energy change (Δf) for a ferroelastic 90° switching event is dominated by the contributions 
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from the stress (σ2) and the stress-polarization coupling (σP2) terms. These energy terms are high in the 
(001)-/(101)-oriented films due to the elastic constraints of the substrate and the drastically different stress 
states for an in-plane or out-of-plane polarized domain. On the other hand, the (111)-oriented films 
possess three energetically-degenerate polarization variants (in a fully-poled state) all possessing in-plane 
and out-of-plane polarization components that are the same and, in effect, renders the elastic energy costs 
associated with a ferroelastic 90° switching event greatly reduced. Additionally, our MD simulations 
reveal that coordinated 90° switching events (i.e.,   
 →   
  and   
 →   
 ) occur in essentially equal 
proportions across the entire domain width to accommodate (and maintain) both the elastic and 
electrostatic energy state of the system. As a result, the coordinated, multi-step 90° switching process will 
not incur a large elastic energy cost in agreement with the arguments above. Ultimately the preference of 
the 90° switching over the 180° switching in the (111)-oriented films is due to the lower kinetic barrier for 
90° polarization rotation indicated by the lower energy of the 90° domain wall compared to that of the 
180° domain wall. 
The observation of such 90° switching mediated domain reversal, in turn, has important 
implications for our overall understanding of ferroelectric materials and their utilization in devices. First, 
the presence of active intermediate switching states can be correlated to the differences observed in the 
dielectric and ferroelectric response of the various orientations of films. Although all films possess high 
remnant polarization, the (001)-/(101)-oriented films show nearly square hysteresis loops with sharp 
electric field switching (consistent with 180° switching events), while (111)-oriented films exhibit more 
slanted hysteresis loops with larger coercive fields, indicative of switching at a broader range of fields and 
a multi-step switching process. Furthermore, it is likely that the availability of low-field intermediate 
switching can account for the observation of lower threshold fields for the nucleation of switching events 
in the Rayleigh studies of the (111)-oriented films. The domain reversal process is significantly impacted 
by changing the orientation of the epitaxial film and by allowing all possible switching types to be active 
in the material.  Ultimately, if we can create pathways similar to those demonstrated in the stroboscopic 
PFM studies by which to deterministically stabilize or incrementally step the switched polarization from 
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one state, through a number of intermediate states, before reaching the oppositely poled state, the 
possibility for creating new modalities of low-power, multi-state memory or logic are possible. At the 
same time, if we can determine ways to promote the 90° switching mediated domain reversal process, this 
could further accelerate the domain reversal and reduce the timescale of ferroelectrics thereby increasing 
their potential for use in advanced nanoelectronics. 
4.4 Conclusions 
 In conclusion, we have observed both 180° and multi-step 90° switching domain reversal 
processes in PbZr0.2Ti0.8O3 thin films. Using a combination of epitaxial thin-film growth, macro- and 
nano-scale characterization, and MD simulations, we have been able to manipulate the domain structure 
through the control of film orientations and explore the coupling between the domain structures and 
properties. Specifically, stark differences between (001)-/(101)- and (111)-oriented films were observed, 
with the latter exhibiting complex, nanotwinned ferroelectric domain structures with high densities of 90° 
domain walls, considerably broadened ferroelectric switching characteristics, and lower threshold fields 
for the onset of non-linearity during Rayleigh studies. Subsequent MD simulations and PFM studies 
reveal both types of switching mechanisms are possible, but that the switching process that ultimately 
occurs is determined by a combination of factors including domain wall energy, elastic strain, and domain 
size. These observations provide insight into a previously unexplored aspect of ferroelectric switching and 
highlight the complexity of these materials. Such studies are crucial for developing precise control of 
nanoscale ferroelectric materials and can potentially lead to interesting multi-state devices and accelerated 
switching in ferroelectrics. 
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CHAPTER 5 
SUMMARY AND SUGGESTIONS FOR FUTURE WORK 
 
5.1 Summary of Findings 
In this thesis, we have systematically studied the effects of film orientations on low field 
dielectric susceptibilities and high field switching characteristics in PbZr0.2Ti0.8O3 thin films. The present 
work has developed new theoretical tools that combined orientation effects into the conventional GLD 
modeling that allows a more comprehensive model which could consider the effects of film orientation, 
epitaxial strain, and film composition. Here we use a combination of theoretical approaches 
(phenomenological Ginzburg-Landau-Devonshire model and Molecular Dynamics modeling) and 
experiment (thin film epitaxial and nanoscale domain structure and property characterization) to 
investigate the effects of film orientation on low field dielectric susceptibilities and high field switching 
characteristics in PbZr0.2Ti0.8O3 thin films. We find that that varying the film orientation can dramatically 
manipulate the domain structure and domain wall density. In particular, we observe that (111)-oriented 
films, in which the extrinsic contributions from the high density of 90° domain walls are frozen out, 
exhibit permittivity values approximately 3-times larger than that expected from the intrinsic response 
alone. This discrepancy can only be accounted for by considering a stationary contribution to the 
permittivity from the domain wall volume of the material that is 6-77.5-times larger than the bulk 
response and is consistent with recent predictions of the enhancement of susceptibilities within 90° 
domain walls. In addition, differences are also demonstrated between (001)-/(101)- and (111)-oriented 
films, with the latter exhibiting complex, nanotwinned ferroelectric domain structures with high densities 
of 90° domain walls and considerably broadened switching characteristics. Molecular dynamics 
simulations predict both 180° (for (001)-/(101)-oriented films) and 90° multi-step switching (for (111)-
oriented films) and these processes are subsequently observed in stroboscopic piezoresponse force 
microscopy. These results have implications for our understanding of ferroelectric switching and offer 
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opportunities to change domain reversal speed. Our work also offers new insights into the microscopic 
origin of dielectric enhancement and provides a pathway to engineer the dielectric response of these 
materials.   
5.2 Suggestions for Future work 
 1, Although we have observed large dielectric response from the volume of large density of 90° 
domain walls in (111)-oriented films, It is noted that the extrinsic motional response in (111)-oriented 
films has been turned off due to the degeneracy nature of domain variants in such orientation. Thus to 
ultimately maximize the dielectric response in (111)-oriented films, it is important to turn on the extrinsic 
motional response. The key to turn on such response is to break the degeneracy of polarization variants. 
One can introduce anisotropic strain from substrates to break the domain degeneracy thus to turn on the 
extrinsic response and increase the total dielectric response in (111)-oriented films.  
 2, So far all the dielectric property characterizations are carried out on macroscopic capacitor 
structures, which will measure the properties from the materials under the whole capacitor electrode. The 
minimum probing size depends on the size of electrode, which is usually around μm scale. This adds 
more challenges to separate out the response from domain and domain wall regions due to the nanoscale 
size of these structures. To directly probe the property from these nanoscale structures, one can utilize 
another technique so called band excitation non-linearity PFM and band excitation switching 
spectroscopy to investigate the local response and switching behavior. All these techniques, originally 
developed in Oak Ridge National Lab, now have been commercialized as a module in scanning probe 
software.   
 3, In the present work, we have specifically investigated the effects of film orientation on the 
dielectric susceptibilities and developed a more comprehensive GLD model that allow us to consider the 
effects of film orientation, epitaxial strain, and film composition. One can also further incorporate another 
important parameter – film thickness into the present model by introducing strain relaxation by the 
dislocation and domain formation.  
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